Branching morphogenesis is the developmental program that builds the ramified epithelial trees of various organs, including the airways of the lung, the collecting ducts of the kidney, and the ducts of the mammary and salivary glands. Even though the final geometries of epithelial trees are distinct, the molecular signaling pathways that control branching morphogenesis appear to be conserved across organs and species. However, despite this molecular homology, recent advances in cell lineage analysis and real-time imaging have uncovered surprising differences in the mechanisms that build these diverse tissues. Here, we review these studies and discuss the cellular and physical mechanisms that can contribute to branching morphogenesis.
Introduction
Arborized epithelial networks are found ubiquitously in the organ systems of animals as diverse as insects and mammals. Such branched epithelial tubes create conduits that permit the flow and exchange of gases and fluids within the body. Branching morphogenesis is the developmental program that generates these tree-or bush-like organ geometries through recursive rounds of self-similar bifurcations of the epithelium into its surrounding mesenchyme (Ochoa-Espinosa and Affolter, 2012) . The molecular signals that are important for branching morphogenesis have been investigated for over 40 years, beginning with studies of vertebrate organs, including the embryonic lung and salivary gland. In recent years, our understanding of branching morphogenesis has been accelerated by genetic studies of the Drosophila tracheal system, which permit elegant piecemeal dissection of the various steps taken by groups of cells as they form a branched network . Together, these molecular and genetic studies have revealed that branching morphogenesis appears to be controlled by a conserved set of molecules, including fibroblast growth factors (FGFs), which signal through the mitogen-activated protein kinase (MAPK) cascade. Recent studies have also indicated a role for miRNAs in branching morphogenesis of the lung, kidney, salivary gland and vasculature (Biyashev et al., 2012; Chu et al., 2014; Hayashi et al., 2011; Jiang et al., 2013; Mujahid et al., 2013; Rebustini et al., 2012; Yu, 2014) .
Despite this rich molecular description, the physical processes that drive branching are still being elucidated (Nelson and Gleghorn, 2012) . Up until ∼10 years ago, morphogenesis itself was largely inferred from images of specimens that were fixed at various points in time. The advent of fluorescent reporter strategies, including tissue-specific promoter-driven transgenic expression, and of mosaic reporters has begun to reveal the dynamics and kinematics of branching morphogenesis in a variety of model organs (Chi et al., 2009; Schnatwinkel and Niswander, 2013) . These studies suggest that branching morphogenesis is much more dynamic than would be expected from still images and fixed samples: epithelial cells either move dynamically within the tissue during branching (Chi et al., 2009) or extend and retract as the branch progresses (Larsen et al., 2006) . Furthermore, a surge of interest from biophysicists and engineers has led to an increase in computational models of branching, which are helping to unravel the systems biology of branching morphogenesis at both the biochemical reaction level Menshykau et al., 2012) and the mechanical level (Kim et al., 2013; Lubkin, 2008; Wyczalkowski et al., 2012) . Together, these approaches have shown that a variety of cellular processes, including differential growth, cell invasion, epithelial folding and matrix-driven branching, can contribute to branching morphogenesis in different contexts. Here, we review the different cellular and physical mechanisms that can drive branching, and discuss recent revelations from both experiment and theory for a few specific examples.
Differential growth
One of the earliest hypotheses put forth to explain branching morphogenesis was that new branches result from a local increase in the proliferation of cells within the parent branch. The development of many branched organs depends crucially upon cell proliferation (Goldin, 1980) , with new cells providing the raw material needed to construct additional generations of branches. Notably, early studies revealed that this mode of epithelial growth relies on interactions with the surrounding mesenchyme. For example, using developing mouse salivary glands, Grobstein demonstrated that isolated epithelial explants fail to branch in culture (Grobstein, 1953a) . When recombined with their mesenchyme, however, these explants resume essentially normal morphogenesis (Grobstein, 1953a) and the quantity of mesenchyme present in culture was found to modulate the rate of proliferation within the epithelium (Alescio and Colombo Piperno, 1967; Alescio and Di Michele, 1968) .
Following these early studies, investigators began using a variety of different grafting techniques to assess how mesenchymal interactions might instruct epithelial growth (Grobstein, 1967) . Remarkably, it was shown that epithelial growth and branching can be stimulated by heterologous mesenchyme from a variety of sources. Salivary mesenchyme, for example, was found to support thymic (Auerbach, 1960) , pancreatic (Golosow and Grobstein, 1962) and mammary (Kratochwil, 1969) branching in culture. Of these grafting experiments, those using developing lungs presented a unique advantage, as ectopic buds could be stimulated to form along the usually non-branching, tracheal epithelium (Alescio and Cassini, 1962) . Sections of tracheal mesenchyme were dissected away and replaced with grafts of mesenchyme from various organs, including lung, salivary gland, stomach and mammary gland (Wessells, 1970) . Whereas each of these promoted the formation of an ectopic bud, only lung mesenchyme was sufficient to induce subsequent branching morphogenesis (Spooner and Wessells, 1970b) . These supernumerary buds were then used as proxies to investigate the stimulatory effects of lung mesenchyme on the branching epithelium. In particular, Wessells and colleagues sought to determine whether local increases in cell proliferation along the epithelium accompanied the formation of supernumerary buds (Goldin et al., 1984; Goldin and Opperman, 1980; Goldin and Wessells, 1979; Wessells, 1970) . Although initial experiments failed to detect significant spatial differences in the incorporation of tritiated thymidine along the epithelium (Wessells, 1970) , subsequent studies reported levels of proliferation in supernumerary buds that increased with time, as well as decreasing rates of proliferation in the adjacent (non-branching) tracheal epithelium (Goldin and Wessells, 1979) . Furthermore, agarose beads loaded with epidermal growth factor (EGF) stimulated the formation of supernumerary buds when they were placed adjacent to the tracheal epithelium in cultured embryonic chicken lungs (Goldin and Opperman, 1980) . Consistently, treatment of these cultured explants with the DNA synthesis inhibitor aphidicolin disrupted the formation of supernumerary buds (Goldin et al., 1984) . Elevated levels of proliferation were also reported in the morphogenetically active tips of extending branches in the mouse salivary gland (Bernfield et al., 1972 (Bernfield et al., , 1973 , mammary gland (Bresciani, 1968 ) and, much more recently, in the developing kidney (Michael and Davies, 2004) .
Taken together, these data led early investigators to conclude that local stimulation of epithelial cell proliferation was involved in the formation of new branches (Ettensohn, 1985) (Fig. 1A) . Even so, the observation that elevated proliferation is confined to branch tips does not, in general, indicate that differential proliferation is the driving force behind branch initiation. It remains possible that patterns of differential growth are simply a consequence of branch formation, and not the actual underlying physical mechanism. Among the early investigators, Goldin and Wessells were particularly cognizant of this possibility, acknowledging that: 'Although it is evident that the continuing high level of mitotic activity in the induced buds is due, in some sense, to the influence of the bronchial mesenchyme, there is no clear evidence to suggest that the initial outpocketing of the bud from the tracheal epithelium was achieved through an active localized stimulation of mitotic activity' (Goldin and Wessells, 1979) .
Clear support for a mechanism based on differential growth would require evidence of patterned cell division prior to (or during) branch initiation, i.e. the presence of a proliferative precursor that presages the emergence of actual epithelial buds.
To further probe the role of differential growth and proliferation, mesenchyme-free culture assays were developed to examine the effects of different mesenchymal growth factors on epithelial proliferation and branching. When embedded in three-dimensional (3D) gels of reconstituted basement membrane protein, isolated epithelial explants branch in the presence of exogenously applied growth factors (Nogawa and Ito, 1995; Qiao et al., 1999) . Explanted embryonic epithelium, for example, branches when treated with fibroblast growth factor 1 (Fgf1) (Cardoso et al., 1997) or Fgf10 (Bellusci et al., 1997) . The patterns of proliferation observed within these cultures were similar to those reported in intact organs: spatial variations in cell proliferation were not observed until branches had already formed (Nogawa et al., 1998) and zones of elevated proliferation were restricted to the tips of extending branches (Fig. 1B) . These results were surprising, because it is typically assumed that focal patterns of growth factor expression in the mesenchyme stimulates localized proliferation in the airway epithelium, but in these explanted cultures the applied growth factors are ubiquitous (Makarenkova et al., 2009) , and no mesenchymal pre-pattern is present to stimulate epithelial proliferation locally. Mesenchyme-free branching is not unique to the developing airway epithelium; similar branching patterns have been observed during 3D culture of epithelia isolated from the developing salivary gland (Morita and Nogawa, 1999; Nogawa and Takahashi, 1991) , kidney (Qiao et al., 2001 (Qiao et al., , 1999 and lacrimal gland (Makarenkova et al., 2009) . In each of these culture systems too, spatial patterns of proliferation were not observed until branches had already formed. Moreover, these spatial patterns, when present, were all similar topologically: elevated proliferation was localized to the branch tips. If, however, growth factor-loaded beads were embedded into the gel adjacent to mesenchyme-free explants, new epithelial branches extended toward these local sources of growth factor (Park et al., 1998; Weaver et al., 2000) , and cell proliferation was elevated in the branches extending towards the bead (Weaver et al., 2000) . However, in these studies, patterns of proliferation were not reported prior to branch formation, so it is unclear whether differential growth preceded branch initiation.
In each of the aforementioned studies, investigators examined patterns of proliferation in explants that were fixed at different stages of branching. Recent advances in live imaging, however, have made it Branching via patterned or differential cell proliferation. Differential rates of cell proliferation have been hypothesized to induce branching in a number of developing organs, including the lung, kidney and salivary gland. In each of these cases, elevated levels of proliferation have been observed in nascent epithelial buds. (A) As a representative example, the developing mouse lung is shown. Given the observed patterns of proliferation, it is generally thought that growth factor expression (blue) in the neighboring mesenchyme stimulates localized growth/cell proliferation (green) in the epithelium, which initiates the formation of new epithelial branches. (B) Lung epithelial explants, denuded of mesenchyme and embedded in 3D gels of reconstituted basement membrane protein, have also been shown to branch in culture. Here again, elevated proliferation was observed in incipient branches, but only after these branches had already formed. No proliferative pre-pattern was observed in the epithelium prior to branching. possible to investigate this process dynamically. For example, Schnatwinkel and Niswander used a line of transgenic reporter mice expressing GFP-tagged histones in airway epithelial cells to quantify patterns of proliferation in cultured lung explants (Schnatwinkel and Niswander, 2013) . By dynamically tracking mitotic events from timelapse images, the authors reported elevated levels of proliferation during the formation of lateral branches, but not during the formation of terminal bifurcations. In addition, the alignment of the observed cell divisions was found to vary spatially along the epithelium. This oriented growth, which is mediated by ERK1/2 signaling, has been shown to dramatically influence the overall morphology of the developing murine airways (Tang et al., 2011) . Conversely, in the embryonic chicken lung, although spatial patterns of proliferation were observed during branch formation, proliferation was not required for the initiation of new epithelial buds (Kim et al., 2013) .
Given these seemingly contradictory data and the inherent complexity of morphogenesis, physical models are necessary to resolve the mechanical contribution of patterned cell proliferation to branching morphogenesis (Gleghorn et al., 2013; Wyczalkowski et al., 2012) . In this spirit, Kim and colleagues developed a computational model to determine the physical role of differential growth during monopodial branching in the developing chicken lung (Kim et al., 2013) . Patterned proliferation was modeled using a continuum mechanical theory for finite volumetric growth (Rodriguez et al., 1994) , which decomposed the overall deformation of the tissue into a component due to growth and a component due to elastic deformation. This approach was strictly focused on behaviors at the tissue level, and any cell-or molecular-level details were 'lumped' into model parameters. This framework has been used to simulate several morphogenetic processes, including head-fold formation (Varner et al., 2010) and cardiac looping (Shi et al., 2014; Voronov et al., 2004) . Importantly, the observed patterns of epithelial proliferation in the chicken lung were not sufficient to simulate the observed changes in epithelial morphology during branching morphogenesis (Kim et al., 2013) . These computational data were further supported by the experimental observation that inhibiting cell division did not disrupt bud formation in the developing chicken lung, suggesting that proliferation does not drive the formation of branches in this species. Similar computational studies in the developing mouse lung (and other branching systems) are thus warranted. Whether or not differential proliferation initiates branching, once branches have formed it is unclear how distal populations of proliferating cells are maintained within the extending epithelium. In the mouse lung, expression of the transcription factor N-myc (Mycn -Mouse Genome Informatics) is restricted to the distal epithelium, where it is thought to help maintain this population of proliferating undifferentiated cells (Okubo et al., 2005) . Transgenic mice overexpressing an N-myc-EGFP fusion protein exhibit expanded domains of proliferating cells with attenuated levels of cell differentiation. This suggests an interplay between the regulation of cell proliferation and differentiation during branching morphogenesis. Recent evidence has also implicated the microRNA cluster miR-17-92 during this process, which functions in part by regulating the expression of retinoblastoma-like 2 (Rbl2/p130) (Lu et al., 2007) , which is important for cell cycle control. By contrast, distal pools of proliferating cells in the pancreas are regulated by reciprocal feedback between Rho and MAPK signaling (Petzold et al., 2013) . Finally, during renal branching, time-lapse microscopy has revealed that proliferating cells in branch tips delaminate from the epithelium and divide within the lumen before reincorporating back into the epithelium (Packard et al., 2013) . The reincorporation of these dividing cells contributes to cell intercalation in the branch tips, which is involved in epithelial expansion and branch growth. It remains to be seen whether similar signaling networks and cell behaviors are used to maintain the distal populations of dividing cells in other species and organ systems. Thus, although the epithelium is clearly proliferating during the branching morphogenesis of most epithelial trees, a role for differential proliferation in branch initiation still remains hypothetical.
Invasive branching
One of the best-understood modes of branching morphogenesis is that of invasive branching, wherein the tip of a new epithelial branch translocates forward into the surrounding tissue via an invasive migratory process. The cell that occupies the leading edge of this extending branch, the so-called 'tip cell' or 'leader cell', often exhibits an extended morphology that is characterized by membrane protrusions at its invasive front. The cells that lag behind the tip cell, sometimes referred to as 'follower cells', 'trailing cells' or 'stalk cells', maintain cadherin-mediated adhesion to each other as well as to the tip cell. Invasive branching has been examined in detail at both the physical and genetic level in studies of Drosophila tracheal morphogenesis (Casanova, 2007; Ghabrial et al., 2003; Schottenfeld et al., 2010; Uv et al., 2003) , but has also been investigated during sprouting angiogenesis in the vertebrate vasculature. The Drosophila tracheal system is a network of tubes that conduct oxygen and other gases from the larval surface to the cells deep within the tissues of the body (Ghabrial et al., 2003) . The trachea has three generations of branches: primary, secondary and terminal. The tracheal system is unusual among branching organs in that it develops into a branched network from a starting population of 20 clusters (known as tracheal sacs, each containing 80 epithelial cells), without cell division or cell death (Ghabrial et al., 2003; Samakovlis et al., 1996) . The Drosophila FGF homolog Branchless (Bnl) is expressed focally by epidermal and mesodermal cells adjacent to the tracheal sac ( Fig. 2A ) in locations where each primary branch will bud . Bnl binds to its receptor, the FGF receptor homolog Breathless (Btl), which is expressed on the epithelial cells and acts as a chemoattractant, inducing a subset of the 80 cells to form a bud, organize into a tube, migrate out of the tracheal sac and form the primary (first generation) branches (Klambt et al., 1992) . Genetic analysis has revealed that Bnl specifies the leader: the cell with the highest amount of Btl signaling becomes the tip cell, produces the highest levels of the Notch ligand Delta and actively prevents its neighbors from acquiring tip cell fate via lateral inhibition through Notch signaling (Ghabrial and Krasnow, 2006; Llimargas, 1999) . Consistently, mathematical modeling of Delta/Notch signaling in the primary branch cells of the Drosophila trachea suggests that this mode of lateral inhibition increases the robustness of the Bnl-mediated selection of tip cell phenotype (Koizumi et al., 2012) . Furthermore, Bnl activates the expression of genes such as pointed, blistered and escargot, which encode transcription factors that are required for morphogenesis of secondary and terminal branches and branch fusion, respectively Samakovlis et al., 1996) . A genetic screen recently identified ∼70 genes that are required for the development of the tracheal system (Ghabrial et al., 2011) , in addition to the 100 or so genes that had been identified previously by other studies. The current estimated minimum number of genes required to form an arborized epithelium is thus ∼200, in addition to genes involved in cell survival and housekeeping.
Morphogenesis of the Drosophila trachea is a form of collective cell migration (Rørth, 2009) . Live imaging has revealed that Bnl induces tip cells to undergo cytoskeletal reorganization, enriching actin at their basal surface (Lebreton and Casanova, 2014) . Bnl also induces the activation of Rac and the expression of fascin, an actin-bundling protein required for the formation of filopodia at the leading edge (Okenve-Ramos and Llimargas, 2014) . By contrast, the trailing stalk cells exhibit high levels of actin at their apical surfaces (Lebreton and Casanova, 2014) . In addition to these cytoskeletal changes, the primary branch appears to extend into the surrounding tissue through a combination of physical forces (Fig. 2B ). Live imaging of fluorescently labeled cells has revealed that filopodia actively protrude from the leading edge of the tip cell into the surrounding tissue Ribeiro et al., 2002) . The forces generated by this tip cell are thought to induce a mechanical strain and pull the stalk cells forward, while also inducing additional rearrangements of the stalk cells with respect to each other, thus giving rise to geometric lengthening of the branch . Initially, the lumen of the primary branch is surrounded by multiple stalk cells around its circumference. The stalk cells within this branch then rearrange to generate an epithelium in which the lumen is surrounded by a single cell, an intercalation event that both lengthens the branch and reduces its caliber. E-cadherin is actively reduced in the stalk cells via endocytosis (Shaye et al., 2008) , which facilitates intercalation, as disrupting endocytic trafficking of E-cadherin blocks stalk cell intercalation and tracheal extension. This is consistent with the finding that genes involved in vesicle trafficking are required for tracheal morphogenesis (Ghabrial et al., 2011) . Laser ablation experiments have also revealed that pulling forces from the tip cell are required to induce stalk cell intercalation : the stalk cells are subjected to tensile forces by the tip cell and ablating their connection with the tip cell not only prevents subsequent intercalation, but also causes the stalk cells to retract.
How tensile forces exerted by the tip cell lead to intercalation by the stalk cells remains unclear. An obvious hypothesis is that pulling by the tip cell activates the endocytic machinery in the stalk cells and thereby reduces the cell-surface levels of E-cadherin, thus increasing adhesion dynamics and facilitating intercalation. This process also depends on signaling downstream of the planar cell polarity (PCP) pathway, specifically via Frizzled, which appears to induce the turnover of junctional E-cadherin by activating the small GTPase RhoA via the Drosophila Rho guanine nucleotide exchange factor RhoGEF2 (Warrington et al., 2013) . RhoGEF2 is part of a family that includes the mammalian p115-RhoGEF and LARG (Mulinari and Hacker, 2010) , the latter of which is activated by tensional forces exerted on focal adhesion complexes in mammalian cells in culture (Guilluy et al., 2011) . Furthermore, the levels of E-cadherin within the stalk cells are also controlled by signaling through Src: activated Src reduces the accumulation of E-cadherin at the membrane of stalk cells, permitting them to intercalate with their neighbors (Shindo et al., 2008) . Src activation responds to tension (Arthur et al., 2000) , suggesting a second possible pathway by which tip cells can induce intercalation of their neighboring stalk cells. Together, these findings highlight that physical forces are crucial for the repositioning of stalk cells during branch elongation.
The physical and molecular mechanisms of branching morphogenesis in the Drosophila trachea are similar to those that drive sprouting angiogenesis in the vertebrate vasculature (Ochoa-Espinosa and Affolter, 2012) . Here, tip cells are selected by a different ligand, vascular endothelial growth factor (VEGF) A, which induces signaling downstream of VEGF receptor 2 (Vegfr2) to upregulate the expression of Delta-like 4 (Dll4) (Hellstrom et al., 2007; Noguera-Troise et al., 2006; Suchting et al., 2007) . Cells with the highest levels of Dll4 become tip cells and lead the growing branch (Jakobsson et al., 2010) . Activation of Notch signaling in the adjacent cells reduces their expression of Vegfr2, thus inducing them to become stalk cells (Kume, 2009) . Moreover, this Notchmediated inhibition of the tip cell phenotype can extend beyond adjacent cells, as Dll4 can be incorporated into small extracellular vesicles known as exosomes that are taken up by cells at a distance (Sheldon et al., 2010) to prevent the tip cell phenotype and even induce retraction of a capillary sprout (Sharghi-Namini et al., 2014) . As with the Drosophila tracheal system, computational models have also lent support to the model of Notch-mediated inhibitory signaling in stalk cells (Bentley et al., 2009) , and have suggested that drag (pulling) forces from the tip cell may contribute to this signaling pathway (Wang et al., 2013) . It would be interesting to use laser ablation to disrupt the connections between tip cells and stalk cells during angiogenesis to test the physical limits of the homology between tracheal branching in flies and angiogenic sprouting in vertebrates.
Epithelial folding
In other developing organs, branching epithelia do not exhibit an invasive or migratory phenotype. Instead, the epithelium folds as a coherent sheet, and the leading edge exhibits neither filopodial nor lamellopodial protrusions. This epithelial folding can be driven by active forces such as apical constriction or differential growth, or by external forces such as mechanical buckling (Taber, 1995) (Fig. 3) , and has been postulated to occur in the developing mammary gland (Ewald et al., 2008) and, more recently, in the embryonic mouse lung (Schnatwinkel and Niswander, 2013) .
Because many of the signaling pathways involved in branching are conserved across organs and species (Davies, 2002) , it is often assumed that the physical mechanisms of morphogenesis are similarly conserved (Lubkin, 2008) . In the lung, for example, incipient branches extend toward localized regions of Fgf10 expressed by the adjacent mesenchyme (Bellusci et al., 1997; Park et al., 1998) . This is phenomenologically similar to the molecular mechanisms that regulate tracheal branching in Drosophila, whereby new tracheal branches form as cells extend filopodia and migrate toward focal regions of expression of the FGF homolog Bnl (Metzger and Krasnow, 1999; Sutherland et al., 1996) . This molecular homology has led researchers to speculate that a similar migratory phenotype underpins the mechanics of airway branching in the mammalian lung (Metzger and Krasnow, 1999; Sutherland et al., 1996) . This hypothesis gained ground in the wake of experiments demonstrating that isolated epithelial explants extend branches toward Fgf10-soaked beads in 3D culture (Park et al., 1998; Weaver et al., 2000) . It was argued that FGFs exert a 'chemoattractant effect' on the branching epithelium, but it remains unclear how this chemoattraction manifests itself in the context of a coherent epithelium. During invasive branching, chemoattraction drives the directed migration of cells in the epithelium . But during epithelial folding, if the constituent cells are not crawling towards a local source of growth factors, how does the epithelium deform in a direction-dependent manner?
Recent data suggest that apical constriction of cells in the airway epithelium is sufficient to initiate the formation of monopodial (lateral) branches in the developing chicken lung (Kim et al., 2013) . New epithelial buds form along the dorsal aspect of the primary bronchial tube, as airway epithelial cells constrict their apices and adopt wedge-shaped profiles. These coordinated changes in cell shape drive directional folding of the airway epithelium via a process that is both dependent on actomyosin contraction and downstream of FGF signaling (Kim et al., 2013) . Although epithelial proliferation is not required for the formation of new buds, it is needed for the subsequent stages of branch elongation. This is supported by evidence from the developing mouse lung, which suggests that oriented cell division in the airway epithelium is responsible for the directional elongation of these tubes (Tang et al., 2011) . However, whether apical constriction-mediated branching occurs in the mouse or in any other species remains to be determined. In addition, several other developing organs, including the kidney and mammary gland, branch via non-invasive mechanisms; but the physical mechanisms that drive epithelial folding in these systems remain to be investigated quantitatively.
It has also been hypothesized that mechanical buckling is involved in the branching morphogenesis of developing epithelia (Ettensohn, 1985) . In his seminal review paper, Ettensohn suggested that epithelial growth, constrained by the surrounding mesenchyme, may cause the epithelium to 'buckle inward, forming clefts at several sites' (Ettensohn, 1985) . This possibility is supported by recent reports suggesting that different aspects of gut morphogenesis, including gut looping (Savin et al., 2011) and villus morphogenesis (Shyer et al., 2013) , are generated via mechanical buckling. It will be interesting to determine whether physical instabilities drive epithelial branching morphogenesis in other organs.
Matrix-driven branching
In most developing organs, the epithelium is surrounded by mesenchymal cells as well as by extracellular matrix (ECM). Not surprisingly, therefore, the ECM has been shown to play an instructive role in branching in various contexts. A regulatory role for the ECM in branching morphogenesis was recognized more than 30 years ago (Williams and Daniel, 1983) , and has been most deeply investigated for the morphogenesis of the salivary and mammary glands.
In mice, one of the three pairs of major salivary glands, the submandibular glands, begins to develop at E11, when the bulbshaped anlage grows out from the oral epithelium and swells into the surrounding mandibular mesenchyme (Tucker, 2007) . One day later, indentations form on the surface of the epithelial bud and progress inwardly, clefting the epithelium into multiple daughter buds ( Fig. 4A) . At the same time, proliferation of the epithelial cells causes the daughter buds to extend (Patel et al., 2006) . This process repeats itself to form the mature salivary epithelial tree, which consists of clusters of terminal buds connected to a system of ducts that deliver saliva to the oral cavity (Harunaga et al., 2011) . Branching morphogenesis of the salivary epithelium has been studied most extensively in culture ex vivo, by placing the developing gland on top of filter paper floating on medium, during which time the explant continues to branch (Borghese, 1950; Grobstein, 1953b Grobstein, , 1956 . This approach reveals that cleft formation requires actomyosin contraction, as treatment with cytochalasin B disrupts morphogenesis Wessells, 1970a, 1972) . More recently, time-lapse imaging analysis of salivary branching has shown that each cleft first initiates as a gap between adjacent epithelial cells (Kadoya and Yamashina, 2010; Larsen et al., 2006) , in a process that appears to depend on ERK1/2 signaling (Koyama et al., 2008) downstream of EGF from the surrounding mesenchyme (Kashimata et al., 2000; Nogawa and Takahashi, 1991) . Once clefts have initiated on the surface of the epithelium, they appear to be stabilized when the epithelial cells lining the clefts form cell-ECM adhesions that contain activated focal adhesion kinase (FAK) (Daley et al., 2011) . Here, FAK appears to be acting as a mechanosensor, and is required for the subsequent assembly of ECM fibrils within the growing cleft. The stabilized clefts then progress deeper into the epithelial bud (Kadoya and Yamashina, 2010) via Rho-associated kinase (ROCK)-induced actomyosin contraction, which leads to the assembly of fibronectin fibrils at the basal surface of the epithelial cells lining the growing cleft (Daley et al., 2009) .
Cleft elongation is a dynamic process (Harunaga et al., 2011) , and timelapse imaging suggests that not only do the epithelial cells themselves move dynamically at the basal surface of the growing bud (Hsu et al., 2013) , but also that the growing end of the cleft 'wiggles' as the adjacent epithelial cells move and change shape (Kadoya and Yamashina, 2010) . Small clefts can also regress after initiation, suggesting that the sites at which clefts first form are not determined precisely (Larsen et al., 2006) . Furthermore, the spatial progression of a cleft deeper into the epithelium mirrors the increase in cell-ECM adhesions formed by the epithelial cells, which preferentially lose membrane localization of E-cadherin in these regions, denoting a reduction in cell-cell adhesion (Sakai et al., 2003) . The presence of fibronectin in the stabilized cleft stimulates integrin-mediated signaling and proliferation of the adjacent epithelial cells, which helps to deepen the cleft (Daley et al., 2009 (Daley et al., , 2011 . Fibronectin also induces the expression of Btbd7 in the adjacent epithelial cells, which in turn represses E-cadherin and activates Slug (Onodera et al., 2010) . Epithelial proliferation requires signaling through FGF receptor 1 (Fgfr1) (Hoffman et al., 2002) and, accordingly, inhibiting Fgfr1 kinase activity disrupts salivary branching by halting proliferation, although it has no effect on the initiation of clefts. Inhibiting ROCK, myosin II ATPase, or FAK also stalls branching after cleft initiation (Daley et al., 2009 (Daley et al., , 2011 . E-cadherin probably also plays a signaling role, as its association with the Hippo pathway effector TAZ (transcriptional co-activator with PDZ-binding motif) regulates branching of salivary explants (Enger et al., 2013) .
Dynamic changes in the localization of ECM proteins thus appear to be crucial for cleft initiation and progression during branching morphogenesis of the murine submandibular gland. The epithelium contacts its basement membrane during salivary development (Bernfield and Banerjee, 1982) , with ECM turnover being higher at the distal ends of the buds than within the stalks. Fibrils of interstitial collagen (Fukuda et al., 1988; Nakanishi et al., 1988) and fibronectin (Sakai et al., 2003) accumulate preferentially at sites of cleft initiation, and exogenous fibronectin in the culture medium is sufficient to induce cleft formation in salivary explants. Consistently, the epithelium increases its expression of integrins α6, β1 and β4 during the branching process, and in response to EGF (Kashimata and Gresik, 1997) . Simultaneously, the epithelial cells themselves also move dynamically, and apparently randomly, within the clefting bud (Larsen et al., 2006; Wei et al., 2007) , but the motility of those contacting the basement membrane is higher and depends on signaling downstream of integrins α6 and β1, as well as on myosin (Hsu et al., 2013) . Epithelial clefting thus results from the combined movement of epithelial cells and the translocation of ECM fibrils.
Although cleft formation appears to be rather unique to the developing salivary gland, fibronectin is also required for branching morphogenesis of the lung and kidney (De Langhe et al., 2005; Roman, 1997; Sakai et al., 2003) . Fibronectin is expressed during the pseudoglandular (branching) stage of embryonic lung development in mice (E11-E16), with highest intensity of fibronectin staining occurring at branch points (Roman and McDonald, 1992) . Disrupting fibronectin association using function-blocking antibodies reduces branching of embryonic lung explants, whereas exogenous addition of fibronectin enhances branching (De Langhe et al., 2005; Sakai et al., 2003) . Consistently, treatments that cause mislocalization of fibronectin fibrils block airway branching (Prince et al., 2005) . Fibronectin is also implicated in branching morphogenesis in the developing kidney, where fibronectin expression is enhanced in the metanephric mesenchyme adjacent to the branching ureteric bud, and induces branching tubulogenesis of kidney epithelial cells (Santos and Nigam, 1993) and embryonic ureteric bud cells (Ye et al., 2004) in culture. Our understanding of the physical role of fibronectin in the branching morphogenesis of the lung and kidney is still rudimentary, but some of the factors involved in fibronectin-dependent branching have been uncovered. In particular, fibronectin deposition was shown to be regulated by Wnt in the embryonic lung (De Langhe et al., 2005) .
Whereas fibrils of fibronectin appear to bisect the salivary epithelium like a cheese wire, the ECM provides a different type of guidance cue for branching morphogenesis of the mammary gland. Unlike the other organs discussed thus far, the mammary gland develops into a fully elaborated epithelial tree postnatally, during puberty. In mouse and human, the epithelial anlage present at birth is a small simply branched rudiment, embedded in a complex mesenchyme that contains adipose and fibrous regions . The gland remains quiescent until the onset of puberty, at which time hormones such as ovarian estrogens induce rapid proliferation, expansion and bifurcation of the epithelium until it reaches the limits of the fat pad (Sternlicht et al., 2006) . The epithelial tree thus expands from the nipple to the margins of the mesenchyme, and does so along the long axis of the fat pad (Brownfield et al., 2013) . Recent quantitative imaging analysis revealed that fibers of type I collagen are present within the mouse mammary gland prior to the onset of pubertal branching, with the majority of these fibers oriented parallel to the long axis of the gland (Brownfield et al., 2013) . Importantly, epithelial branches orient themselves along the collagen fibers as they extend (Fig. 4B) . Consistently, branching increases with collagen density (Nguyen-Ngoc and Ewald, 2013) and collagen fibril orientation is sufficient to direct the angle of branch elongation in culture (Brownfield et al., 2013; Guo et al., 2012) . Similarly, genetic manipulations in mice that result in a decrease in collagen synthesis or assembly, such as knockout of matrix metalloproteinase (MMP) 11 (Tan et al., 2013) , lead to defects in mammary branching. These data suggest that collagen fibers act as patterning cues for branching morphogenesis of the mammary epithelium, although how these fibers themselves become patterned remains unclear.
The mammary epithelium interacts with its surrounding ECM primarily through β1 integrin. In both cell culture and in vivo, β1 integrin associates with the transmembrane Mmp14, and silencing either of these molecules in mammary epithelial cells prevents branching morphogenesis . Mmp14 is expressed at high levels by epithelial cells located within the terminal buds of the pubertal mouse mammary gland , and is also expressed at high levels by cells at branch sites in culture (Mori et al., 2009) . Importantly, the transmembrane/cytoplasmic domains of Mmp14 appear to be crucial for its interaction with β1 integrin and for downstream signaling to MAPK, which induces branching in the collagen-rich microenvironment surrounding the mammary epithelium. In addition to inducing signaling, Mmp14 also degrades the ECM at the invasive front of mammary epithelial branches in culture, which has been postulated to reduce the steric and/or mechanical resistance of the surrounding matrix to expansion by the epithelium (Alcaraz et al., 2011) . Given the above-mentioned reports of mammary epithelium extending along collagen fibers in vivo and in culture, a more likely possibility is that Mmp14 helps the epithelium to remodel the surrounding ECM as the cells find their mechanical guidance cues.
Recent data suggest that mechanical stresses exerted by the mammary epithelium are also crucial for directing branching morphogenesis, as well as for initiating nascent branches Nelson, 2010, 2012) . Individual cells contract isometrically within the mammary epithelium, and the stresses generated by this contraction become concentrated at specific sites along the epithelial tree, depending on its geometry (Gjorevski and Nelson, 2010) . New branches initiate at sites of highest mechanical stress, and this branch initiation is stimulated in part by local activation of FAK within these cells. The mechanical properties (elastic modulus and crosslinking) of the surrounding ECM regulate the profile of mechanical stress and branch initiation (Gjorevski and Nelson, 2010) , and are also affected by matrix remodeling induced by contraction of the epithelium (Gjorevski and Nelson, 2012) . Such ECM-mediated mechanical stresses regulate the expression of mesenchymal genes, including those encoding transcription factors such as Snail and Slug, within branch sites (Lee et al., 2011) . As these genes are also expressed at branch sites within the mammary epithelium in vivo, it is possible that they are induced by the collagen fibrils already present in the mesenchyme.
Conclusions
In summary, recent timelapse imaging, quantitative morphometric analysis and computational models have together revealed that branching morphogenesis is not a single physical process. Instead, a group of several different physical mechanisms can all generate branched epithelial trees. It is important to note that these mechanisms are not mutually exclusive, and may indeed be found to act synergistically during branching. Furthermore, the exact mechanisms that drive morphogenesis of many branching epithelia remain to be elucidated. Based on our discussions above, we identify four major conclusions that we detail below.
The pattern of branching depends on a pre-pattern within the surrounding mesenchyme … or does it?
Most model branching systems show some evidence of a complementary pattern of gene expression or physical factors in the mesenchyme prior to branch initiation. Focal expression of growth factors is the most common mesenchymal pre-pattern, but the aligned fibrils of collagen in the stroma of the mammary gland also lend support to the idea of physical pre-patterning of branching morphogenesis. However, the one problem with this concept comes from mesenchyme-free culture models, which undergo branching morphogenesis in the absence of any pre-patterned signal. Either the latter model does not reflect the situation in vivo, or there is some element of self-assembly to the pre-patterning process. Either way, we are still left with glaring questions. What induces the pre-pattern of signal in the mesenchyme? How does this arise, both spatially and temporally, during development of the branching epithelial tree? What feedback mechanisms are needed to couple the mesenchymal pre-pattern to the elaboration of the epithelium?
Computational models may provide some guidance in addressing this last question Ray et al., 2013) , which is challenging to investigate experimentally using intact organs.
Branches are unlikely to form due to spatial patterns in proliferation More than 40 years of investigation have failed to yield incontrovertible evidence that local increases in the growth of an epithelium can generate a new branch. Clearly, proliferation is necessary to increase the number of cells within the branch once it has formed and to promote branch extension (at least, in organs other than the Drosophila trachea). Intriguingly, across a large number of vertebrate organs, this increase in proliferation is concentrated at the tip of the growing branch. But, neither static images nor timelapse analysis have revealed an increase in cell proliferation in the epithelium at branch sites before branches have formed. This suggests that conceptual and computational models that rely solely on growth factor-induced proliferation to generate an epithelial branch need to be reconsidered. Furthermore, several questions still remain unanswered. For example, all examples of branching morphogenesis examined thus far require the presence of one or more growth factors (e.g. FGF, VEGF, EGF), but how does the developing epithelium distinguish between the capacity of these molecules to act as mitogens, and the capacity to induce a branch? Furthermore, once the branch has formed, why is proliferation universally increased in the cells at the tip of the branch? What additional signals are needed for this patterning? Timelapse image analysis of tissue-specific reporter mice may yield some clues to answer these questions.
Molecular homology does not equal mechanistic homology
Despite the fact that many of the same signaling molecules are used during branching morphogenesis of the Drosophila trachea and vertebrate lung, the physical mechanisms that generate branches are distinct. Bnl (FGF) induces a sprouting morphogenesis process in the trachea of the fly, and can clearly be considered as a chemoattractant, or at least a motogen, in this system. By contrast, FGF induces apical constriction and folding of the airway epithelium in the embryonic chicken lung, whereas it represses epithelial differentiation in the embryonic mouse lung (Volckaert et al., 2013) . There is no evidence to suggest that FGF acts as either a classical chemoattractant or as a motogen in the lungs of birds or mammals. Given this major distinction, future investigations may wish to avoid drawing too many conclusions based on molecular homology alone. Of course, this begs the question: how do homologous signaling pathways yield such a diversity of physical mechanisms? Have the downstream molecular details changed over the course of evolution? Or, is the molecular homology simply misleading our search for blueprints that govern the development of branching epithelia? These questions are not limited to branching systems. For example, similar instances of molecular similarity despite physical dissimilarity have been observed in the vertebrate heart. Many of the transcription factors involved in early cardiogenesis, including Nkx2.5 and Gata5, are conserved across species, but the tissue deformations that drive heart development can be very different, as demonstrated by the major differences in cardiogenesis between fish and birds.
There is no 'paradigmatic' branching epithelium Although comparisons can be made between organ systems, the differences between them are large enough to suggest that no single branching epithelium can be considered as representative of the development of all branching systems. As such, we suggest that increased attention should be given to the precision of the language used to describe branching morphogenesis. For example, despite the fact that many branching epithelia lack obvious membrane protrusions, morphogenesis of these organs is often described as an 'invasive' process, without clarification. Perhaps this is a relic of the comparisons between lung branching in mice and tracheal development in Drosophila. Nonetheless, imprecise descriptions may hinder progress in this field if inaccurate or inappropriate physical mechanisms are errantly associated with branching. Again, this realization prompts additional questions. Why are distinct physical mechanisms used to create very similar epithelial architectures? Why do the same organs in different species develop using very different physical mechanisms? How many different branching 'morphogeneses' have been realized over the course of evolution? Increased attention on quantitative analysis and new model systems will likely shed light on these, and other, unanswered questions.
